The effects of topiramate, a potential treatment for drug dependence, were evaluated in two groups of rats trained to discriminate the administration of either 0.4 mg/kg nicotine or 10 mg/kg cocaine from that of saline, under a fixed-ratio 10 schedule of food delivery. Topiramate (1-60 mg/kg, intraperitoneal) did not produce any nicotine-like or cocaine-like discriminative effects by itself and did not produce any shift in the dose-response curves for nicotine or cocaine discrimination. Thus, the ability to discriminate the effects of nicotine or cocaine does not appear to be altered by topiramate administration. Furthermore, topiramate, given either alone or in combination with nicotine or cocaine, did not depress rates of responding. These experiments indicate that topiramate does not enhance or reduce the ability of rats to discriminate the effects of nicotine or cocaine.
Introduction
Topiramate is a novel anticonvulsant that is approved by the Food and Drug Administration for the treatment of childhood epilepsy. Topiramate displays a complex pharmacological profile: effects ranging from agonistic properties at GABA A receptors, antagonistic properties at glutamate receptors, inhibition at L-type calcium channels, and voltage-dependent sodium channels and activation of potassium conductance (see Shank et al., 2000; Johnson, 2004a, b and references therein) have been described. Some of these pharmacological targets are critically involved in drug dependence processes (Cornish and Kalivas, 2000; Kenny and Markou, 2004; Paterson et al., 2004; Markou, 2007) and topiramate has been recently studied for the treatment of various types of drug dependence. The initial studies were conducted in alcohol (Johnson et al., 2003 (Johnson et al., , 2004 Swift, 2003; Johnson, 2004a, b; Rubio et al., 2004; Ma et al., 2006) and opiatedependent participants (Zullino et al., 2002) . More recently, topiramate has been suggested as a potential treatment for cocaine (Kampman et al., 2004; Vocci and Elkashef, 2005; Cubells, 2006) or nicotine (Schiffer et al., 2001) dependence. This is particularly important, as there is no current pharmacological treatment available for cocaine dependence and tobacco dependence is the chief preventable cause of death in developed countries (Fiore, 2000; Le Foll and George, 2007) .
The efficacy of topiramate for cocaine dependence has been tested in a 13-week, double-blind, placebocontrolled pilot trial involving 40 human participants (Kampman et al., 2004) . Topiramate-treated participants were more likely to be abstinent from cocaine compared with placebo-treated participants (Kampman et al., 2004) , suggesting that topiramate may be effective for the treatment of cocaine dependence. In another clinical trial examining the effects of topiramate in alcohol-dependent participants, those assigned to topiramate were more likely to quit smoking than those assigned to placebo (19.4 vs. 6 .9% at week 12) (Johnson et al., 2005) . These preliminary findings concerning the potential use of topiramate for the treatment of cocaine and nicotine dependence are encouraging.
Although addictive drugs produce their effects through actions at various receptors in the brain, it is thought that their common effects on the activity of dopaminergic brain reward pathways are primarily responsible for their addictive properties (Koob, 1992; Wise, 2004) . It has been suggested that the reduction of the activity of mesocorticolimbic dopamine function may account for the effects of topiramate on dependence processes (Schiffer et al., 2001; Johnson, 2004a, b) . Surprisingly, in human studies, most of the subjective responses induced by methamphetamine in humans were not affected by topiramate administration . Although topiramate administration did not affect craving or reinforcement, it accentuated the appreciation of methamphetamine-induced stimulation and euphoria significantly . Topiramate also showed a nonsignificant trend toward mild reductions in positive mood and reinforcement. Therefore, these results suggest that topiramate does not attenuate the positive subjective effects of methamphetamine in humans in the conditions tested . Moreover, when topiramate was evaluated in combination with intravenous nicotine in overnight abstinent smokers, it appeared to enhance the ratings of the subjective effects of nicotine (Sofuoglu et al., 2006) .
The subjective effects of drugs are most frequently assessed in humans through the use of subject self-rating scales or self-reports, but may be evaluated in experimental animals using two-lever drug-discrimination procedures (Le Foll and Goldberg, 2005a, c) . For this purpose, rats can be trained under a schedule of food delivery to respond on one lever during sessions following an injection of a particular dose of drug and on another lever during sessions following an injection of saline. This procedure allows assessment of 'drug-like' subjective responses by determining whether different drugs or different doses of the training drug result in the animal preferentially pressing the drug-associated lever. This procedure also allows assessment of the effects of drug treatments on the animal's ability to discriminate the effects of administered drug and on nonspecific effects of the administered drug on food-maintained behavior. Here, we used the two-lever drug discrimination choice procedure as an animal model for assessing the ability of topiramate to alter the psychomotor and subjective effects of nicotine and cocaine.
Methods

Subjects
Male Sprague-Dawley rats (n = 12; 330-370 g) were obtained from Charles River (Wilmington, Massachusetts, USA) and housed in a temperature-controlled and humidity-controlled room. Animals used in this study were maintained in facilities fully accredited by the American Association for the Accreditation of Laboratory Animal Care and all experiments were conducted in accordance with the guidelines of the Institutional Care and Use Committee of the Intramural Research Program, National Institute on Drug Abuse, National Institutes of Health, and the Guidelines for the Care and Use of Mammals in Neuroscience and Behavioral Research (National Research Council, 2003) . Experiments were conducted during the light phase of a 12-h/12-h light/dark cycle (lights on at 07.00 h). Rats were housed individually and water was freely available. A diet restriction was maintained throughout the study (three NIH07 biscuits/ day). Rats weighed 350 g prior to food restriction and the feeding was adjusted to reduce body weight by no more than 10% per week until reaching the target training weight, which was not less than 85% of its highest recorded body weight prior to food restriction.
Nicotine or cocaine discrimination
Apparatus
Twelve standard operant-conditioning chambers (Coulbourn Instruments, Lehigh Valley, Pennsylvania, USA) were used. Each chamber contained a white house light and two levers, separated by a recessed tray into which a pellet dispenser could deliver 45 mg food pellets (F0021; Bioserv, Frenchtown, New Jersey, USA). Each press of a lever with a force of 0.4 N or more through 1 mm was recorded as a response and was accompanied by an audible click. The operant-conditioning chambers were controlled by microcomputers using the MED Associates MED-PC software package (MED Associates Inc., East Fairfield, Vermont, USA).
Procedure
Training of the rats has been previously reported (Le Foll and Goldberg, 2004) . Rats were trained, as described previously, under a discrete-trial schedule of food pellet delivery to respond on one lever after an injection of a training dose of 0.4 mg/kg nicotine or 10 mg/kg cocaine and on the other lever after an injection of 1 ml/kg of saline vehicle (n = 6 for each experiment). For the nicotine discrimination studies, injections of nicotine or saline were given subcutaneously 10 min before the start of the session, whereas for the cocaine discrimination studies the injections were given intraperitoneally 15 min before the start of the session. At the start of the session, a white house light was turned on and in its presence the rats were required to make 10 consecutive responses (fixed-ratio 10 schedule of food delivery) on the lever appropriate to the presession treatment. The completion of 10 consecutive responses on the appropriate lever produced delivery of a 45 mg food pellet and initiated a 45-s time-out during which lever-press responses had no programmed consequences and the chamber was dark. Responses on the incorrect lever had no programmed consequences other than to reset the fixed-ratio requirement on the correct lever. After each time-out, the white house light was again turned on and the next trial began. Each session ended after the completion of 20 fixed-ratio trials or after 30 min had elapsed, whichever occurred first. Discrimination-training sessions were conducted 5 days per week under a double alternation schedule (i.e. DDSSDDSS etc., D = drug; S = saline). Training continued until there were eight consecutive sessions during which the rats completed at least 90% of their responses during the session on the appropriate lever and no more than four responses occurred on the inappropriate lever during the first trial. Test sessions with other doses of nicotine or cocaine and with topiramate were then initiated.
Test sessions
A range of doses of topiramate was substituted for the training dose of nicotine or cocaine. Topiramate was also administered together with various doses of nicotine or cocaine to assess possible alterations of the doseresponse curves for nicotine or cocaine discrimination. Topiramate was administered intraperitoneally 60 min before the session. Test sessions were identical to training sessions, with the exception that both levers were active and 10 consecutive responses on either one of the two levers resulted in the delivery of a food pellet. Switching responding from one lever to the other lever reset the ratio requirement. In a test phase, a single alternation schedule was introduced and test sessions were usually conducted on Tuesdays and Fridays. Thus, a 2-week sequence starting on Monday was: DTSDTSTDST (T = test). In this way, test sessions occurred with equal probability after saline and drug sessions. Test sessions were conducted only if the criterion of 90% accuracy and not more than four incorrect responses during the first trial was maintained in the two preceding training sessions.
Data analysis
Two independent measures of behavior were collected in the discrimination study: a measure of discrimination performance expressed as the percentage of nicotineappropriate or cocaine-appropriate responses and a measure of motor performance expressed as response rate. The percentage of nicotine-appropriate or cocaineappropriate responses during each session (training or test) reflected the percentage of the number of responses emitted on the nicotine-appropriate or cocaine-appropriate lever relative to the total number of responses emitted on both levers during a session. Response rate (responses/s) during each session was calculated by dividing the total number of responses emitted on both levers during a session by the total session length. Response rate and percentage of nicotine-appropriate or cocaine-appropriate responses were individually calculated for each rat and then expressed as group means ( ± SEM). For the analysis of the discrimination performance, nicotine-associated or cocaine-associated lever selection data were excluded from the analysis if the response rate was below 0.5 response/s (results from two testing sessions were excluded from the nicotinediscrimination study but no results were excluded from the cocaine-discrimination study). No generalization to the nicotine-training stimulus was defined as 20% or lower responding on the nicotine-appropriate or cocaine-appropriate lever. The doses of nicotine or cocaine predicted to produce 50% of responses on the nicotine-appropriate or cocaine-appropriate lever were calculated by linear regression analyses of the log dose-effect function in generalization tests when different doses of nicotine or cocaine were tested in combination with topiramate (using Bioassay software from Med Associates Inc., v6.2). These doses were expressed as ED 50 values (in mg/kg) with 95% confidence intervals (CI). Analysis of variance (ANOVA) was used to analyze experimental data using Statistica v6 software, http://www.statsoft.com. Statistical analyses were performed on raw (rate of responding) or transformed (percentage of nicotine-appropriate lever selection) data. Data were considered statistically significant at P < 0.05. Two ED 50 values were considered statistically different if their 95% confidence limits did not overlap. Nicotine was administered subcutaneously and cocaine was administered intraperitoneally in a volume of 1.0 ml/kg. All drugs were diluted in saline. All doses of nicotine and topiramate are expressed as mg free base per kg body weight. Doses of cocaine refer to the weight of the salt.
Results
Establishment of the drug-discrimination baseline
All of the rats reached the final level of accuracy (eight consecutive sessions with at least 90% of the responses on the correct lever and no more than four incorrect responses during the first trial), as previously reported with this procedure (Justinova et al., 2003; Le Foll and Goldberg, 2005c; . Once the training criterion was reached, discrimination performance during training sessions was maintained with a high degree of accuracy (95-100% responding on the appropriate lever) with both nicotine and cocaine. When the dose of nicotine or cocaine was varied, there was a dose-dependent increase in drug lever selection, with maximal selection at the training dose of nicotine or cocaine (see Figs 1b and 2b) .
Effects of topiramate on rats trained to discriminate nicotine
Generalization tests
The open symbols in the left panels of Fig. 1 show the percentage of responses made on the nicotine lever (Fig. 1a) and overall rates of responding (Fig. 1c) during sessions when different doses of topiramate were tested for their ability to substitute for the training dose 0.4 mg/kg of nicotine. Topiramate failed to generalize to the nicotine training stimulus over a large range of doses [less than 5% of responses emitted on the nicotine-associated lever with doses of topiramate ranging from 1 to 60 mg/kg, F(5,24) = 1.7, NS]. One-way ANOVA also indicated an absence of the effect of topiramate treatment alone on rates of responding [F(5,24) = 0.4, NS].
Effect of topiramate on discrimination of the training dose of nicotine
The filled symbols in the left panels of Fig. 1 show the percentage of responses made on the nicotine-associated Topiramirate and nicotine or cocaine discrimination Le Foll et al. 15 lever (Fig. 1a) and overall rates of responding (Fig. 1c) during sessions when different doses of topiramate were tested for their ability to alter the discriminative stimulus effects of the 0.4 mg/kg training dose of nicotine. Analysis of the discrimination performance of the rats indicates that topiramate did not alter the discriminative stimulus effects of the 0.4 mg/kg training dose of nicotine, even at the highest (i.e., 60 mg/kg) topiramate dose tested [F(3,18) = 0.7, NS; Fig. 1a ]. Topiramate given in combination with nicotine slightly depressed rates of responding at high doses, but this effect was not significant [F(3,18) = 1.49, NS; Fig. 1c ].
Effects of topiramate on discrimination of various doses of nicotine
The right panels of Fig. 1 show the effects of 10, 30 and 60 mg/kg topiramate on the dose-response curve for nicotine discrimination (Fig. 1b) and on overall rates of responding (Fig. 1d) . A two-way ANOVA analysis of results of discrimination performance indicated a significant effect of nicotine dose [F(3,80) = 109, P < 0.001], but no significant effect of topiramate pretreatment [F(2,80) = 0.8, NS], and no significant interaction between topiramate pretreatment and nicotine dose [F(11,80) Table 1 . The ED 50 values overlap, confirming that topiramate produced no significant shift of the dose-response curves for nicotine discrimination. Lack of effect of topiramate on nicotine discrimination. Data are means ± SEM of the percentage of responses on the lever associated with nicotine administration (upper panels) or rates of responding (lower panels) during the session. The discrimination performance of the rats is indicated in the upper panels. Left panels: topiramate administered alone (a, open symbols) did not produce nicotine-like discriminative effects. Topiramate administered in combination with the training dose of 0.4 mg/kg nicotine (a, filled symbols) did not alter the discrimination performance. Topiramate alone (c, open symbols) or in combination with nicotine (c, filled symbols) did not affect rates of responding. Right panels: doses of 10, 30, and 60 mg/kg topiramate did not shift the dose-response curve for nicotine discrimination (b) and did not significantly decrease the rates of responding of rats when given alone or in combination with nicotine (d). ED50 values with 95% CIs for these dose-response curves are given in Table 1 .
Effects of topiramate on rats trained to discriminate cocaine
Generalization tests
The open symbols in the left panels of Fig. 2 show the percentage of responses made on the cocaine lever (Fig. 2a) and overall rates of responding (Fig. 2c) obtained during sessions when different doses of topiramate were tested for their ability to substitute for the 10 mg/kg training dose of cocaine. Topiramate failed to generalize to the cocaine training stimulus over a large range of doses (less than 5% of responses emitted on the cocaine-associated lever with doses of topiramate ranging from 3 to 60 mg/kg [F(5,30) = 1.45, NS]. One-way ANOVA also indicated an absence of the effect of topiramate treatment alone on rates of responding [F(5,30) = 0.48, NS].
Effect of topiramate on discrimination of the training dose of cocaine
The filled symbols in the left panels of Fig. 2 show the percentage of responses made on the cocaine-associated lever (Fig. 2a) and overall rates of responding (Fig. 2c) during sessions when different doses of topiramate were Overlapping 95% confidence interval (CI) compared with the dose-response curves of nicotine or cocaine alone. Lack of effect of topiramate on cocaine discrimination. Data are means ± SEM of the percentage of responses on the lever associated with cocaine administration (upper panels) or rates of responding (lower panels) during the session. The discrimination performance of the rats is indicated in the upper panels. Left panels: topiramate administered alone (a, open symbols) did not produce cocaine-like discriminative effects. Topiramate administered in combination with the training dose of 10 mg/kg cocaine (a, filled symbols) did not alter the discrimination performance. Topiramate alone (c, open symbols) or in combination with cocaine (c, filled symbols) did not affect rates of responding. Right panels: 10 or 30 mg/kg topiramate did not shift the dose-response curve for cocaine discrimination (b) and did not significantly decrease the rates of responding of rats when given alone or in combination with cocaine (d). ED 50 values with 95% CIs for these dose-response curves are given in Table 1 .
Topiramirate and nicotine or cocaine discrimination Le Foll et al. 17 tested for their ability to alter the discriminative stimulus effects of the 10 mg/kg training dose of cocaine. Analysis of the discrimination performance of the rats indicates that topiramate did not alter the discriminative stimulus effects of the 10 mg/kg training dose of cocaine, even at the highest topiramate dose tested [F(5,30) = 1.04, NS; Fig. 2a] . Topiramate given in combination with 10 mg/kg cocaine did not affect rates of responding compared with cocaine alone, even at high doses [F(5,30) = 0.7, NS; Fig. 2c ].
Effects of topiramate on discrimination of various doses of cocaine
The right panels of Fig. 2 show the effects of 10 and 30 mg/ kg topiramate on the dose-response curve for cocaine discrimination (Fig. 2b ) and on overall rates of responding (Fig. 2d) . Post-hoc analysis, however, did not reveal a significant effect of cocaine administration compared with saline-receiving rats. ED 50 values for drug lever selection with 95% CIs are shown in Table 1 . The ED 50 values overlap confirming that topiramate produced no significant shift of the doseresponse curves for cocaine discrimination. The 60 mg/kg dose of topiramate was not tested against the whole cocaine dose-response curve owing to the absence of significant effects of this dose on discrimination performance with the training dose of cocaine and due to the fact that this range of doses is certainly not relevant for human studies evaluating topiramate as a drug candidate for the treatment of drug dependence (see Discussion below).
Discussion
In this study, topiramate, administered alone, did not produce either nicotine-like or cocaine-like discriminative effects in rats (Figs 1a and 2a) . Over a large range of doses, topiramate also produced no significant change in the discriminative stimulus effects of the 0.4 mg/kg training dose of nicotine or the 10 mg/kg training dose of cocaine. Finally, when topiramate was administered in combination with different doses of nicotine or cocaine, it did not produce any significant shift of the dose-response curves for nicotine or cocaine discrimination (Table 1 and Figs 1c and 2c) . This is the first report of the effects of topiramate on nicotine or cocaine discrimination in rats. Clearly, topiramate, over a large range of doses, did not produce any nicotine-like effects in rats trained to discriminate nicotine from saline and did not alter the discriminative stimulus effects of nicotine (Fig. 1a) . The discriminative stimulus effects of nicotine are mainly mediated by neuronal nicotinic acetylcholine receptors (Pratt et al., 1983; Stolerman et al., 1984; Kumar et al., 1987; Stolerman et al., 1997; Shoaib et al., 2002) , but dopaminergic receptors may also be involved (Desai et al., 2003) . The absence of the effects of topiramate on nicotine discrimination is in agreement with the absence of any reported pharmacological effects of topiramate on nicotinic systems (Shank et al., 2000) . A slight shift to the left of the nicotine discrimination curve, however, suggests a modest potentiation of the discriminative stimulus effects of some doses of nicotine in some rats, but this effect was not significant by post-hoc analysis. Such a shift could reflect a dopaminergic component of the nicotine discriminative stimulus effect; however, this dopaminergic component is only partial and has been difficult to demonstrate (Corrigall and Coen, 1994; ) and this appears unlikely as topiramate inhibits nicotine-induced dopamine release (Schiffer et al., 2001) .
Some complex effects of topiramate on dopaminergic systems have been described (Schiffer et al., 2001; Eltayb et al., 2005) and it has been suggested that the effects of topiramate on dopamine transmission may mediate its effects on drug dependence (Johnson, 2004a, b) . As the discriminative stimulus effects of cocaine are mediated by mesocorticolimbic dopamine systems (Callahan et al., 1997) , we decided to explore the effects of topiramate in rats trained to discriminate cocaine from saline. As with nicotine, topiramate did not produce any cocaine-like discriminative effects and did not significantly alter the discriminative effects of cocaine ( Fig. 2 and Table 1 ). This result is in agreement with the absence of the effect of topiramate on dopamine release described in previous studies (Schiffer et al., 2001; Eltayb et al., 2005) . We cannot directly compare these results in animals to humans, as no direct evaluation of the effects of topiramate on subjective effects of cocaine has yet been reported. As the discriminative effects of cocaine and methamphetamine present many similarities (Justinova et al., 2003) , it is of interest to analyze the results obtained with topiramate on various methamphetamine responses in human participants. The study of Johnson et al. (2006) evaluated several outcome measures, including a multiple-choice questionnaire (measuring preference for drug over a monetary reward), an end-ofday questionnaire, a visual analog scale of methamphetamine effects, a global rating of stimulation, the Addiction Research Center Inventory and the Profile of Mood States questionnaire . No interaction existed between topiramate and methamphetamine on these outcome measures, except on the peak 'euphoria' and the peak 'stimulate' components of the visual analog scale for methamphetamine effects. Interestingly, there was no significant effect of topiramate on the peak 'crave' component of the visual analog scale for methamphetamine effects. These results indicate that most of the subjective responses induced by methamphetamine in humans, including the ability to discriminate the effects of methamphetamine administration, are not altered by topiramate and this is in agreement with the absence of topiramate effects on nicotine and cocaine discrimination in this study.
As topiramate did not alter the rates of responding in the rats, it is important to assess whether topiramate was used at pharmacologically active doses in this study. This was likely the case, as the ED 50 values of topiramate for blocking different types of seizure in rodent models of epilepsy have been consistenly found at a dose of around 7 mg/kg, indicating that we used pharmacologically active doses in this study (Shank et al., 2000) . In rats and mice, anticonvulsant activity is evident within 30 min of administration, peaks 1 to 6 h after dosing, and gradually declines thereafter (Shank et al., 1994) . Therefore, our pretreatment time of 60 min was in an appropriate time range for detecting any effects. It is unlikely that using longer pretreatment time would have resulted in greater effects, as plasma and brain concentrations of topiramate would have been lower (Shank et al., 2000) , and a recent study failed to detect motor impairment with high doses of topiramate using various pretreatment times (Alaverdashvili et al., 2005) . It is also well known that there is a wide separation between effective anticonvulsant doses compared with doses causing motor impairment (Shank et al., 2000) . Importantly, topiramate has been evaluated in clinical trials for drug dependence at doses ranging from 200 to 300 mg daily (Johnson et al., 2003 (Johnson et al., , 2005 Kampman et al., 2004) . It is likely that the blood concentration of topiramate was in the range of 20 mmol/l in those studies, as in a study of 11 patients with epilepsy, the peak and average concentrations in blood plasma were B25 and 18 mmol/l after repeated dosing with 200 mg twice daily (Sachdeo et al., 1996) . In rats, the plasma concentrations of topiramate are B30 mmol/l 1 h after the administration of 10 mg/kg topiramate (Shank et al., 2000) . Therefore, it is likely that plasma levels in our experiments with 10 mg/kg topiramate were comparable to those in clinical trials evaluating topiramate for drug dependence.
Interestingly, although considerable overlap exists, there is no direct relationship between the ability of a test drug to produce the reinstatement of extinguished drug-seeking behavior and its ability to elicit drug-like, discriminative stimulus effects (Spealman et al., 1999) . This dissociation has been illustrated recently with several distinct pharmacological ligands. For example, ligands blocking dopamine D 3 receptors are able to block the influence of nicotine-associated cues on various types of behavior (Le Foll et al., 2003a without influencing the discriminative stimulus effects of nicotine . Similarly, ligands blocking cannabinoid CB 1 receptors are also able to block the influence of these nicotineassociated cues (Cohen et al., 2002; Goldberg, 2004, 2005a, b; Cohen et al., 2005) without altering the discriminative stimulus effects of nicotine (Le Foll et al., 2000 Cohen et al., 2002; Le Foll and Goldberg, 2004; see Le Foll and Goldberg, 2005a, b, c; Newman et al., 2005; Sokoloff et al., 2006 , for reviews on the role of dopamine D 3 and cannabinoid CB 1 receptors in drug addiction). Therefore, the inability of topiramate to block or enhance the discriminative stimulus effects of nicotine or cocaine is not in contradiction with its apparent ability to affect relapse and drug-seeking behavior in animals and humans.
In conclusion, this study is one of the few exploring the effects of topiramate on operant responding. The present findings provide evidence that topiramate does not possess any nicotine-like or cocaine-like discriminative effects of its own and does not significantly reduce or enhance the subjective effects of nicotine or cocaine assessed with drug-discrimination procedures in rats. It should be noted, however, that rats can be trained to discriminate other doses of nicotine or cocaine than those used in this study and that we cannot rule out potential effects of topiramate under other training conditions (Stolerman et al., 1984; Terry et al., 1994) . The dissociation, however, that exists between the ability of drugs to interfere with motivational properties of drugs of abuse, without altering their subjective effects, suggests that studies of the effects of topiramate on relapse and drugtaking and drug-seeking behavior should continue in animals and humans, to explore further its potential as a treatment for cocaine and nicotine dependence.
